ABSTRACT: Dietary long-chain PFO including arachidonic acid (ARA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) are precursors for several inflammatory mediators. The objective of this study was to characterize the effects of dietary PFO supplementation on bone, cartilage, and synovial fluid in 2 ages of pigs. Sows and gilts were fed either control corn/soybean meal based diets or the control diet supplemented with PFO from Gromega (PFO; JBS United, Sheridan, IN). Sows were fed their diets for 24.5 mo and slaughtered at 43 mo while gilts were fed their diets from weaning until slaughter at 111 kg. Cartilage was harvested from both humeroulnar joints of 14 sows (7/treatment) and 16 gilts (8/treatment) within 30 h of slaughter for fatty acid analysis and explant cultures. Synovial fluid was collected from the carpal joints of each pig postmortem. The right fused radius/ulna was collected for computed tomography (CT) analysis. Cortical width and density were determined and trabecular density was measured at the distal radius. Cartilage explants were allocated to 24-well culture plates with 2 discs per well and cultured over 72 h at 37°C in serum-free Dulbecco's modified Eagle's medium: nutrient mixture F-12 (Ham) medium.
Six wells/pig were treated with 10 ng/mL of recombinant porcine interleukin-1 (rpIL-1). At 24, 48, and 72 h of culture, media were removed and reserved for analysis of proteoglycans, nitric oxide (NO), and PGE 2 concentrations. The CT scans of the radius/ulna from gilts revealed no differences for cortical width and bone density. Sows fed PFO had greater cortical width of the proximal ulna (P < 0.05) and decreased cortical width of the distal radius (P < 0.05). Sows fed PFO had increased DHA (P < 0.01) and a decrease in the omega-6 to omega-3 ratio (P < 0.05) in cartilage. Gilts fed PFO had increased DHA (P < 0.01), C22:1 (P < 0.01), and docosapentaenoic acid (P < 0.01) and a tendency for increased EPA (P = 0.093) concentrations in cartilage. Changes in dietary fatty acids in the gilts and sows had no effect on the variables tested in vitro. Although the PFO diet increased omega-3 incorporation into chondrocytes, the biological significance is unclear since concentrations of ARA were at least 9-fold higher than EPA or DHA. Therefore, if omega-3 fatty acids can mitigate inflammation in joints, the benefit would likely either be the result of systemic changes in inflammatory mediators or higher concentrations in the diet.
INTRODUCTION
Lameness was identified as a key problem in the swine industry and joint lesions were identified as one of the main reasons for culling sows (Kirk et al., 2005) . Lame sows were 1.7 times more likely to be removed from the herd within 1 yr and pain associated with lameness may adversely affect reproductive performance (Anil et al., 2009) . Dietary long-chain PFO including arachidonic acid (ARA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) can regulate the production and bioactivity of inflammatory mediators (Jump, 2002) . Lipids also have an important role in the regulation of skeletal biology and promotion of bone health, which is supported by significant evidence from both animal and human research (Watkins et al., 2001) . Piglets fed formula containing 0.1% DHA (wt/ wt) had significantly higher bone mineral content and weighed more on d 15 than suckled piglets (Weiler and Fitzpatrick-Wong, 2002) . Few studies have examined the mechanism by which dietary fatty acids alter the fatty acid profile in cartilage; however, higher dietary concentrations of DHA was associated with reduced severity of patellofemoral cartilage loss in humans (Baker et al., 2012) .
The goal of this study was to determine if dietary PFO would improve indicators of joint health in swine. The first objective of this study was to characterize the effects of dietary PFO on cartilage, synovial fluid, and bone density and morphology from multiparous sows and market weight gilts of similar genetics. The second objective was to examine the effects of dietary PFO on the response of cartilage explants to IL-1 stimulation in vitro. It was hypothesized that dietary PFO supplementation would increase cortical bone density and EPA and DHA incorporation into cartilage and synovial fluid. Therefore, it was anticipated that cartilage from sows and gilts fed the PFO supplement would exhibit decreased release of inflammatory mediators into media.
MATERIALS AND METHODS
All animal experiments were conducted at the JBS United research facilities in Frankfort, IN. All procedures were approved by the JBS United Animal Care and Use Committee per corporate policy and adhered to the ethical and humane use of animals for research. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless noted otherwise.
Experiment 1: Sows
Fourteen sows were maintained on either a basal corn/soybean diet control (no added fat) that served as the control (CON; n = 7) diet and met NRC requirements for all nutrients (NRC, 1998) or the CON diet supplemented with 1.0% protected fish oil (PFO; n = 7; Gromega 365; JBS United, Sheridan, IN). Sows were fed their respective diets (Table 1) for an average of 24.5 mo and were slaughtered at an average age of 43 mo. Sows had completed an average of 7 parities with the final 2 parities on experimental diets. The protected fish oil contained 22.3% total fat of which 13% was EPA and 15% DHA (Table 2 ). The remaining ingredients were protein and carbohydrates.
Experiment 2: Gilts
Sixteen gilts were maintained on either a basal corn/ soybean diet (CON; n = 8) or the CON diet supplemented with protected fish oil (PFO; n = 8; Gromega 365; JBS United). The PFO diet was formulated to a 10:1 n-6:n-3 fatty acid ratio, which contained 1.5 to 2.3% PFO and increased as the growth phases progressed. Treatments were matched to constant digestible Lys:ME within each growth phase. The protected fish oil replaced both corn and soybean meal to meet the requirements of the n-6:n-3 fatty acid ratio. Diet composition for the last growth phase is presented in Table 3 . Gilts were fed their respective treatments from weaning until slaughter (average BW 111 kg).
Experiment 3: Explant Cultures
During the slaughter process, both front legs were removed at the mid humerus from each animal. The left and right humeroulnar joints were opened aseptically under sterile conditions and 30 cartilage disks were harvested with a 6-mm biopsy punch (Miltex, York, PA) from the weight-bearing region of the articular surface of each pig within 30 h of slaughter for sows and 12 h of slaughter for gilts. Cartilage disks were approximately 0.5 mm thick and effort was made to keep the disks as consistent as possible. Samples from each pig were cultured separately in 12 wells of a 24-well culture plate by placing randomly selected explant disks (2/well) into each of 12 wells. Cartilage explants were cultured in 1 mL of serum-free Dulbecco's modified Eagle's medium: nutrient mixture F-12 (Ham; Invitrogen, Carlsbad, CA) supplemented with AA (Rossalot et al., 1992) , 50 μg/ mL ascorbate, 100 units/mL penicillin-streptomycin (Invitrogen), 1 μL/mL insulin-transferrin-sodium selenite supplement (Roche Applied Science, Mannheim, Germany), and 0.02 μg/mL thyroxine.
The explants were maintained in culture in a humidified incubator at 37°C with 7% CO 2 . Explants were maintained in media for 24 h before the first of 2 d of treatment. Conditioned media were removed and replaced daily. Indomethacin (10 μg/mL) was added to media samples during collection to prevent conversion of PGE 2 to more stable metabolites and samples were stored at -20°C until analyzed for indicators of inflammation (Chan et al., 2006) . To evaluate the effects of dietary PFO on cartilage fatty acid profiles, 10 ng/mL recombinant porcine IL-1β (R&D Systems, Minneapolis, MN) was added to induce cartilage degradation during media replacement at 24 and 48 h. At 48 and 72 h of culture, media were collected from each well and reserved for analyses.
Synovial Fluid
Synovial fluid was collected during the explant extraction procedure from the right carpal joint of each sow and from the right and left carpal joint from each gilt using a sterile 20 gauge, 3.8 cm needle on a 5 cm 3 syringe before opening the joint. Indomethacin (10 μg/ mL) was added to the synovial fluid from each joint to prevent conversion of PGE 2 to more stable metabolites and stored at -20°C until analysis.
Fatty Acid Analysis
Articular cartilage was isolated from the left and right humeroulnar joint of sows within 30 h of slaughter and gilts within 12 h of slaughter. Cartilage was stored at -20°C until analyzed. Approximately 0.5 g of cartilage was pulverized to a fine powder in a SPEX 6750 freezer mill (Sample Prep, Metuchen, NJ) and extracted Total n-3 33.24
Total n-6 6.13
(n-6):(n-3) 0.18
1 Supplement contained 22.3% fat. 2 Protected eicosapentaenoic acid (EPA) plus docosahexaenoic acid (DHA) containing 3.0 g EPA/100 g and 3.3 g DHA/100 g (JBS United, Sheridan, IN).
for fatty acid analysis. Synovial fluid was obtained from the carpal joint postmortem as described above. The extraction method was a modification of the Folch method (Folch et al., 1957) . Cartilage or 1 mL of synovial fluid was extracted with chloroform (EM Science, Gibbstown, NJ), methanol, and water (2:1:1, vol/vol) and vortexed for 15 min. The chloroform layer was removed and then evaporated with the use of a RapidVac (7910010; Labconco, Kansas City, KS). The lipid was reconstituted with 2 mL hexane (Sigma-Aldrich) and 1 mL of a 0.5 mg/mL solution of internal standard and hexane (C19:0; Nu-Chek Prep, Elysian, MN). Samples were methylated with 3 mL of 10% methanolic HCl. The samples were analyzed on a Clarus 500 gas chromatograph (PerkinElmer, Waltham, MA) with a 100-m SP-2560 column (Supelco, St. Louis, MO) and analyzed using Empower Chromatography Software (Waters Corp., Milford, MA).
Bone Morphology
After cartilage was removed from the humeroulnar joint, the right fused radius/ulna from each pig was cleaned of muscle and connective tissue and stored at -20°C until analysis via computed tomography (CT; GE Healthcare, Waukesha, WI). Before analysis each bone was then placed onto a QCT phantom (Image Analysis, Inc., Columbia, KY) containing 3 strips of differing densities that would serve as the standard curve for calculating the density of the bone. Cortical density was determined at the proximal ulna, central radius, and distal radius using Mimics software (Materialise, Plymouth, MI). Trabecular density was determined at the distal radius. Cortical width was measured at the proximal ulna and central and distal radius using Mimics software (Materialise).
Proteoglycan Analysis
Proteoglycan release into media was measured using the dimethylmethylene blue assay (Chandrasekhar et al., 1987) . Proteoglycan content was determined by measuring sulfated glycosaminoglycan content using a chondroitin sulfate standard and expressed as micrograms proteoglycans per well. Absorbance at 530 nm with a correction at 590 nm was determined using a Spectramax 300 plate reader (Molecular Devices, Sunnyvale, CA). Sample concentration of proteoglycans was determined using a linear standard curve.
Nitric Oxide Analysis
Nitric oxide was measured indirectly by quantifying nitrite, a stable end product of nitric oxide metabolism, in the media using the Greiss reaction and a sodium nitrite standard (Fenton et al., 2000) . Absorbance at 540 nm was determined using a Spectramax 300 plate reader (Molecular Devices). Results are expressed as micromoles of NO per well.
Prostaglandin E 2 Analysis
Prostaglandin E 2 was measured in media and synovial fluid using a commercially available ELISA kit (EHPGE2; Thermo-Fisher Scientific, Rockford, IL) with an assay range of 39 to 5,000 pg/mL and a sensitivity of less than 15.9 pg/mL. Samples with expected values over 5,000 pg/ mL were diluted with diluent included in the kit. This kit has a 16% cross-reactivity with PGE 3 and 70% cross-reactivity with PGE 1 . Synovial fluid was digested with 50 units/mL of hyaluronidase from bovine testes at 37°C for 40 min to reduce the viscosity of the sample. Absorbance at 405 nm with a correction at 580 nm was determined using a Spectramax 300 plate reader (Molecular Devices).
Interleukin-6 Analysis
Interleukin-6 was measured using a porcine-specific, commercially available ELISA kit (Porcine IL-6 Duoset; DY686; R&D Systems) following manufacturer's instructions. The antibody is highly specific for porcine IL-6 and there was less than 1% cross-reactivity with related molecules. The detection limits of this assay absorbance at 450 nm with a correction at 570 nm was determined using a Spectramax 300 plate reader (Molecular Devices).
Statistical Analysis
Data for the in vitro experiments were analyzed as a cumulative response following stimulation with IL-1, such that the response from media collected at 48 h was added to the response from media collected at 72 h. Data were analyzed using the mixed procedure of SAS (version 9.2; SAS Inst. Inc., Cary, NC) with pig, stimulation, and diet in the model. Two random statements were used: pig × diet and pig × diet × stimulation. Data from the in vitro experiments are presented as least squares means ± SEM. Data for cartilage and synovial fluid fatty acid analysis and bone morphology were analyzed using the mixed procedure of SAS. Each age group was analyzed separately with diet in the model. A random statement was included with pig nested in diet. Data are presented as least squares ± SEM. Differences are considered significant at P < 0.05 and tendencies at P < 0.10.
RESULTS

Cartilage Fatty Acids
Dietary fatty acids did not greatly alter the fatty acid composition of the cartilage (Table 4 ). The DHA concentration increased in response to increasing dietary supply (P < 0.01) in both the sows in Exp. 1 and the gilts in Exp. 2. Additionally, sows fed the PFO supplement had a decrease in C20:1 (P = 0.065) and the omega-6 to omega-3 ratio (P < 0.05). Gilts fed the PFO supplement had increased DHA (P < 0.01) and C22:5 (docosapentaenoic acid [DPA]; P < 0.01). Additionally, C22:1 (P = 0.057) and EPA (P = 0.093) tended to increase in the cartilage of PFO supplemented gilts.
Synovial Fluid Fatty Acids
Dietary fatty acids did not greatly alter the fatty acid composition of the synovial fluid (Table 5) . Gilts fed the PFO supplement had the same concentration of fatty acids in their synovial fluid as gilts fed the CON diet with a tendency for an increase in DPA (P = 0.077). Polyunsaturated fatty acid supplemented sows also had increased concentrations of EPA (P < 0.05), DPA (P < 0.05), and DHA (P < 0.01). This resulted in an increase in the percentage of total omega-3 (P < 0.01) and a trend for a decrease in the ratio of omega-6 to omega-3 (P = 0.068)
Synovial Fluid
Synovial fluid from the right carpal joint of PFO sows tended to have higher concentrations of PGE 2 (P = 0.099; Fig. 1 ) than CON sows. Synovial fluid from the right humeroulnar joints of gilts showed no effect of diet on PGE 2 concentration (P = 0.615; Fig. 2 ).
Bone
The CT scans of the radius/ulna from gilts revealed no differences for cortical width and bone density. Sows fed the PFO supplement had greater cortical width of the proximal ulna (2.0 vs. 1.5 ± 0.13 mm; P < 0.05) and decreased cortical width of the distal radius (2.2 vs. 2.7 ± 0.13 mm; P < 0.05) than CON sows. However, no differences in cortical or trabecular bone density were detected for the sows (Table 6 ). 1 ARA = arachidonic acid; EPA = eicosapentaenoic acid; DPA = docosapentaenoic acid; DHA = docosahexaenoic acid. **Difference between diets for that age, P < 0.01.
*Difference between diets for that age, P < 0.05. †Difference between diets for that age, P < 0.10. Total n-6 18.3 ± 0.90 † 21.3 ± 1.3 21.1 ± 1.7 17.8 ± 2.7
n-6:n-3 13.8 ± 1.8 † 6.86 ± 2.6 8.25 ± 1.4 4.2 ± 2.1
In vitro Experiments
Cartilage explants from sows stimulated with recombinant porcine interleukin-1 (rpIL-1) increased the release of proteoglycans, NO, PGE 2, and IL-6 into the media (P < 0.05; Table 7 ) when compared with the unstimulated control. No effect of diet or diet × stimulation was found for these variables in cartilage from the sow.
Stimulation of cartilage explants from gilts with rpIL-1 increased proteoglycans, NO, PGE 2, and IL-6 release into the media (P < 0.05) compared with the unstimulated control (Table 8) . However, no effect of diet or diet × stimulation was found for any of the variables measured..
DISCUSSION
Dietary PFO increased the concentration of DHA in the cartilage of sows and gilts. In the sows, DHA increased 2.4-fold, but DHA only accounted for 0.22% of the total fatty acids. Due to their low turnover rate, articular chondrocytes may have a decreased rate of incorporation of fatty acids into their phospholipids. Research using fluorescently labeled lauric acid has shown that fatty acids are transported through the cartilage matrix at a low but measurable rate (Arkill and Winlove, 2006) . Little research has been conducted to examine the effects of omega-3 fatty acid supplementation on cartilage. Rats fed diets containing 10% menhaden fish oil (much higher than in our study) demonstrated a 70% decrease in the concentration of linoleic acid and ARA in articular cartilage and a 32% inhibition of proteoglycan synthesis (Lippiello et al., 1990) . In other studies where omega-3 fatty acids were supplemented, significant amounts of EPA and DHA were incorporated into skeletal muscle (Ayre and Hulbert, 1996; Stubbs and Kisielewski, 1990 ) as well as epidermis (Fischer and Black, 1991) , liver (Calviello et al., 1997; Garg et al., 1990) , kidney (Calviello et al., 1997) , and erythrocyte phospholipids (Christensen et al., 1999) in proportion to their dietary content.
Although the PFO diet did increase omega-3 incorporation into cartilage, the biological significance is CON] ) or the basal diet supplemented with protected fish oil (PFO). There was no effect of diet (P = 0.615). Proximal ulna cortical width, mm 1.5 ± 0.1* 2.0 ± 0.15 1.5 ± 0.05 1.3 ± 0.1
Central radius cortical width, mm 4.1 ± 0.3 4.0 ± 0.2 2.9 ± 0.1 3.0 ± 0.2 Distal radius cortical width, mm 2.7 ± 0.1* 2.2 ± 0.1 2.0 ± 0.1 2.0 ± 0.1 *Difference between diets for that age, P < 0.05. †Difference between diets for that age, P < 0.10.
unclear as concentrations of ARA were at least 9-fold higher than either EPA or DHA. The dietary concentration of EPA and DHA in the total diet may not have been sufficient to elicit measurable metabolic changes in our explant cultures. In the present study, sows were fed diets supplemented with PFO at 1% of their diet and gilts were fed diets supplemented with PFO at 2.3% of their diet. Research with miniature pigs fed menhaden oil at 15% of their diet for 23 wk increased both EPA and DHA concentration in the erythrocyte phospholipids compared to corn oil-fed controls (Berlin et al., 1998) . In a review, Kim et al. (2010) suggested that 1% purified PFO ethyl esters would provide an equivalent intake as the amounts consumed in human diets.
In the current study, diet also altered fatty acid concentrations in the synovial fluid of the sows. The PFO diet fed to sows had increased EPA, DPA, and DHA concentrations and the omega-6 to omega-3 ratio was reduced by half compared to the CON. There was a tendency for DPA concentrations to be higher in gilts fed the PFO diet. This increase in omega-3 fatty acids did not change the PGE 2 concentrations in the synovial fluid, which is likely a reflection of ARA concentrations in the cartilage and synovium. The synovial fluid PGE 2 concentration tended to be greater in sows fed the PFO diet. There was no diet-induced reduction of ARA in either the cartilage or synovial fluid. Research has shown that ARA does not decrease IL-1 mediated levels of cyclooxygenase -2 (COX-2); however, EPA decreased mRNA and protein levels of COX-2 (Hurst et al., 2009) . In the present study, ARA was present in the synovial fluid from PFO supplemented sows at concentrations 8.5-fold higher than DHA and 32-fold higher than EPA. The presence of EPA can compete with ARA as a substrate for some of the inflammatory enzymes, such as COX-2, thereby reducing the production inflammatory mediators (Smith, 2005) . Eicosanoids formed from EPA are 10-to 100-fold less potent than those produced from ARA and therefore are associated with a decreased inflammatory response (Alexander, 1998) . Omega-3 fatty acids may also mitigate inflammation in joints as the result of systemic changes in inflammatory mediators (James et al., 2003) . Dogs fed 90 mg combined EPA and DHA/kg BW per day had increased plasma EPA and DHA after 7 d; however, EPA and DHA only suppressed markers of osteoarthritis development in the synovial fluid sporadically over the 56 d study (Hansen et al., 2008) . Rabinowitz et al. (1979) analyzed the fatty acid composition of synovial fluid samples from human male knee joints and the composite C20, C22, and C24 fatty acids was 4.0 ± 1.3%. In our study, the composite of C20, C22, and C24 fatty acids was 5.77% in CON sows, which is only slightly higher than the samples from male knee joints. This might suggest that the combined amounts of the PFO are conserved in the synovial fluid.
Bone is a dynamic tissue that is continuously remodeled and the role of lipids in bone metabolism has been documented (Watkins et al., 2003) . Current research has examined the role of dietary omega-3 fatty acids on the bone modeling and remodeling process; however, results from these studies are varied. Piglets fed either 4.5:1 or 9:1 of omega-6 to omega-3 fatty acids plus either 30 or 60 g/L fat for 21 d were scanned to determine bone mineral content. Dietary groups did not differ in femur, lumbar spine, or whole-body bone mineral content (Weiler and Fitzpatrick-Wong, 2002 ). 1 There was no effect of diet or stimulation × diet interactions for any variable measured (P > 0.10).
2 A + designates the addition of recombinant porcine IL-1β at 10 ng/mL and a -designates the control. Judex et al. (2000) fed 28-d-old rabbits diets containing 10% fish oil for 40 d and found that tibial cortical bone area was decreased by 17% while longitudinal tibial growth was reduced by 4%. However, there were no differences in cross-sectional bone quality. Also, this study reported that the fish oil treatment reduced energy intake resulting in a lower body mass. In the present study, bone, for the most part, was not impacted by the dietary treatment. Cortical width at the distal radius was less in the PFO fed sows while no differences in bone were observed in the gilts. Rats fed 17 g of omega-3 fatty acids from menhaden oil for 42 d tended to have improved bone remodeling and reduced PGE 2 production, by as much as 55%, as the ratio of omega-6 to omega-3 fatty acids decreased (Watkins et al., 2000) .
In conclusion, PFO supplementation increased omega-3 incorporation into chondrocytes; however, the biological significance is unclear. Perhaps if the dietary concentrations of EPA and DHA in the PFO supplement were increased, metabolic changes in our explant cultures may have occurred. Future research should include a dose response study to determine if increased levels of PFO supplementation would have additional benefit.
